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Segmentation is a body-patterning strategy in which new segments are speciﬁed from a segment-
addition zone containing uncommitted cells. However, the cell-recruitment process is poorly understood.
Here we investigated in detail the segmentation in a polychaete annelid, Perinereis nuntia (Lophotro-
chozoa), in which new segments emerge at the boundary between the posterior end of the segmented
region and the terminal pygidium. Cells at this border synchronously remodel their chromatin, enter the
cell cycle, and undergo oriented cell division, before being added to new segments. wingless is expressed
at the posterior edge of the pre-existing segment, abutted by hedgehog in the ﬁrst row of the new
segment. Overstimulation of Wingless signaling caused excess cells to enter the cell cycle, prolonging
segmentation and widening the new segment. Thus, segment addition may occur by a homeogenetic
mechanism, in which Wingless expressed in the differentiated segment coordinates the stepwise
recruitment of undifferentiated cells from the segment/pygidium boundary.
& 2013 The authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.Introduction
Segmentation, allows axis-length ﬂexibility and pattern diver-
sity, and has been one of the most successful body-patterning
strategies in bilaterians. Segments are speciﬁed from uncommitted
progenitor cells partitioned into equal-sized groups arranged
along the anterior-posterior axis. The segment speciﬁcation must
be highly reproducible and precise, and various mechanisms are
used to accomplish it by different taxa (Peel et al., 2005). In
vertebrates (deuterostomes), somite segmentation is promoted by
Notch signals that propagate as an anteriorly directed wave in the
undifferentiated presomitic mesoderm (Palmeirim et al., 1997;
Saga and Takeda, 2001).
Segmentation in arthropods has been most extensively studied
in the insect Drosophila melanogaster. In Drosophila, a transcription
factor of maternal origin, Bicoid (Bcd), forms an anterior–posteriorInc.
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Open access under CC BY-NC-ND licengradient in early syncytial embryos and regulates the expression of
zygotic gap class transcription factors (Driever and Nüsslein-
Volhard, 1988; Small et al., 1991). The Bcd and gap protein
gradients in the syncytium together regulate the expression of
primary pair-rule genes, which collectively specify the locations of
14 segment anlagen (Lawrence, 1992; Mito et al., 2011; Wilson
et al., 2010). Thus, gradients of Bcd and its subordinate gene
products subdivide the entire egg into segment primordia prior to
the onset of cell proliferation. However, this mechanism is limited
to the relatively small group of insect species that undergo
segmentation at the syncytium stage (Palmeirim et al., 1997).
Most insects and arthropods undergo segmentation in a cel-
lular environment. Typically anterior most segments are speciﬁed
in early stages, followed by sequential addition of new segments
from a posterior segment-addition zone (SAZ), similar to verte-
brate somites. In spiders (Chelicerates), Notch is reported to be
required for proper segment formation (Stollewerk et al., 2003).
However, studies in model insects (Gryllus, Apis) have shown that
Notch is mainly involved in insect segment patterning and not
segment formation (Mito et al., 2011; Wilson et al., 2010). In
Gryllus, wingless (wg) and its downstream regulator caudal are
expressed in the growth zone, and their signaling is required for
segment formation (Bolognesi et al., 2008; Miyawaki et al., 2004;
Shinmyo et al., 2005). During insect segmentation, wg and hedge-
hog (hh) are expressed in stripes that abut each side of segmentse.
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(Dougan, 1992; Farzana and Brown, 2008; Heemskerk and
DiNardo, 1994). However, although the genes responsible for
segmentation in non-Drosophila insects are rapidly being identi-
ﬁed, many fundamental features of segmentation remain elusive.
Key questions include how the initial segment width and its
border are determined, how cell proliferation and cell differentia-
tion are coordinated, and what the segmentation-promoting
signal is and where it originates. These points are poorly under-
stood, because the cellular details of the early segmentation
process have not been well described.
Annelids (protostomes, Lophotrochozoa) comprise a third
group of animals with a segmented body plan. Atokous polychaete
worms of the Platynereis dumerilii species grow by continually
adding new segments to the posterior terminus. hedgehog (hh) is
expressed at the anterior segment border (Prud'homme et al.,
2003), and is required for segment maintenance and maturation in
this animal (Dray et al., 2010), suggesting that the segmentation
function of Hedgehog signaling in insect is shared by Platynereis.
The SAZ is located at the posterior border of the previously formed
segment, nearest the terminal structure, the pygidium (Rosa et al.,
2005). Since no morphologically discernable stem-cell population
has been found in the SAZ (Rosa et al., 2005), the cellular and
signaling processes through which cells in the SAZ are recruited to
the new segment in Platynereis is unknown.
Here we present a detailed description of cell cycle and
segment-addition process in regenerating Perinereis nuntia, a
polychaete species closely related to Platynereis dumerilii. We
show that the segment formation in Perinereis involves the
synchronous behavior of a row of cells that simultaneously enters
the cell cycle and undergoes rapid chromatin remodeling. These
rows are added to the posterior end of the newly forming segment
in a stepwise manner, marked by the cyclic appearance of hh and
wingless (wnt1) stripes. Results of pharmacologically enhanced Wg
signaling indicated that Wg functions in stimulating cell-cycle
entry and controlling segment width. A model for the sequential
segmentation in Perinereis is presented, and its relationship to
other segmentation mechanisms is discussed.Materials and methods
Perinereis culture, manipulation and LiCl treatment
Perinereis nuntia were obtained from the Takahashi Polychaete
Farm (Shodoshima Island, Kagawa, Japan), maintained individually
in 50 ml conical tubes ﬁlled with small stones and artiﬁcial
seawater, and fed with ﬁsh food (Tetra Inc. Japan). For regeneration
experiments, the last few segments and the pygidium were
surgically removed from atokous worms anesthetized on ice. The
worms were then returned to seawater and cultured for an
additional 7–10 days. LiCl was added to the seawater 3 days after
the surgery. The 20 mM optimal concentration of LiCl was deter-
mined from a preliminary experiment using LiCl at 10–100 mM.
Animals cultured in seawater (Na+ concentration 469 mM) were
used as control.
Molecular cloning, probe preparation and phylogenetic analysis
Small cDNA fragments for wg, hh, hth, and tcf, were PCR
ampliﬁed with degenerate primers as described previously
(Niwa et al., 2010) (primer sequences are available upon request),
and their sequences were used for isolation of longer cDNAs. Hth
cDNA was identiﬁed by EST analysis of Perinereis nuntia (N. Niwa
unpublished). The RNA probes for in situ hybridization were
prepared from plasmid templates with a digoxigenin (DIG) orﬂuorescein RNA-labeling kit (Roche Applied Science. Tokyo Japan),
according to the manufacturer's procedure.
The sequences signiﬁcantly similar to the P. nuntia ones
identiﬁed in this study were retrieved from NCBI Protein, Ensembl
Genome Browser and online resources for individual genome
projects. Multiple sequence alignments were constructed using
the program MAFFT (Katoh et al., 2005). The amino acid residues
unambiguously aligned without any gap were employed for
phylogenetic tree inference with the maximum-likelihood (ML)
method using the program PhyML (Guindon et al., 2005).
Histochemical staining and microscopy
The following antibodies were used for immunostaining: anti-
histone H3K9, 14ac (Millipore #06-599), histone H3K9me2 (Milli-
pore #07-212), and anti-proliferating cell nuclear antigen (PCNA,
mouse monoclonal PC10 from Santa Cruz Biotechnology or
Abcam).
The triple-label RNA/protein detection involved the successive
detection of digoxygenin (DIG)- and ﬂuorescein-labeled RNA
probes and alkaline phosphatase (AP)-conjugated hapten-speciﬁc
antibodies, developed with two different colored substrates, followed
by antibody staining.
Fixation and protease treatment: The regenerating tail parts of
Perinereiswere cut and ﬁxed in a 6:1 solution of modiﬁed van Loon
ﬁxation buffer (mvl: 124 mM HEPES, 2.5 mM MgSO4, 1.25 mM
EGTA, 0.03% Tween 20, pH 7∼7.5) to 37% formaldehyde at 50 1C for
2 h, then the solution was replaced with 50% MeOH in ﬁxative.
This solution was replaced with a 6:1 solution of PBS 0.1% Tween
20 to 37% formaldehyde and incubated for 1 h. The solution was
then replaced with 100% MeOH for dehydration, and stored in
methanol at −20 1C. The samples were rehydrated by 5-min
incubations in 75, 30, 25, and 0% MeOH in TBST (25 mM Tris-
HCl, 136 mM NaCl, 2.7 mM KCl, 0.1% Tween 20, pH 7.4), treated
with Protease K (50 mg/ml TBST) for 10 min at room temperature,
and washed once with TBST. The buffer was replaced with 0.1 M
Triethanolamine (TAE, pH 8.0), and the samples were acetylated
by successive 5-min incubations in 0.25% and 0.5% acetic anhy-
dride in TAE then washed three times with TBST. The samples
were reﬁxed in the modiﬁed van Loon ﬁxation buffer for 10 min
and washed three times with TBST.
Hybridization: Prehybridization was performed by a 10-min
incubation in 1:1 TBST:Hyb solution (50% Formamide, 5 SSC,
100 mg/ml Yeast tRNA, 1.5% Blocking Reagent [Roche Applied
Science], 5 mM EDTA, 0.1% Tween 20) at room temperature, and a
6-h to overnight incubation in Hyb solution at 65 1C. Hybridization
was performed by incubating the sample with 2 ml of each probe
solution in 200 ml Hyb solution overnight at 65 1C. Hybridized
samples were washed at 65 1C for 220 min each with 50:50,
25:75, and 0:100 mixtures of Hyb solution to 2 SSCC (30 mM
sodium citrate, 300 mM NaCl, 0.1% CHAPS) and 430-min washes
with 0.2 SSCC. The samples were then washed 2 times for 10 min
each with maleic acid buffer (MaNaT; 0.1 M Maleic acid, 0.15 M NaCl,
0.1% Tween 20, pH 7.5) at room temperature.
DIG detection: Samples were blocked with 1% blocking reagent
for 1 h, then incubated overnight in 1:5000-diluted Anti-DIG-AP
(Roche Applied Science) at 4 1C. The samples were washed 8 times
in MaNaT for 15 min, and 2 times in AP buffer (100 mM Tris-HCl,
50 mM MgCl2, 100 mM NaCl, 0.1% Tween 20, pH 9.5), and devel-
oped in NBT-BCIP solution (Roche Applied Science, 1/50 dilution in
AP buffer) at room temperature up to overnight. The reaction was
terminated by washing more than 4 times in PTw (PBS, 0.1%
Tween 20), and incubated at 80 1C for 5 min to inactivate the AP.
Samples were cooled on ice and washed 2 times with PTw.
Fluorescein detection: The samples were incubated in blocking
reagent for more than 60 min and incubated with anti-ﬂuorescein-
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4 1C overnight. The samples were then washed 8 times in MaNaT
for 15 min each, 2 times in AP buffer for Fast Red (pH 8.0, note the
difference from the AP buffer used for NBT-BCIP) and developed in
Fast Red solution (prepared by dissolving 1 Fast Red Tablet [Roche
Applied Science] in 2 ml AP buffer for Fast Red and ﬁltering). The
Fast Red solution was replaced every hour until a sufﬁcient signal
was obtained, and the reaction was terminated by washing more
than 4 times in PTw.
PCNA staining: After in situ hybridization, the samples were
incubated with anti-PCNA in 5% normal goat serum overnight, and
PCNA was detected with Alexa488-conjugated anti-mouse IgG.
After staining, the samples were stored in 80% glycerol in PBS at
4 1C and multichannel images were acquired with ﬂuorescence
microscope (Axiophoto, Carl Zeiss) equipped with a digital camera
(AxioCam).
Samples for double-labeling with PCNA and histone antibodies
involved ﬁxation as described above and heat treatment in sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at
98 1C for 10 min followed by 30 min incubation at 25 1C to expose
PCNA epitope. For histone H3K9, 14ac staining, the samples were
additionally treated with Proteinase K as described above. The
samples were observed with confocal microscopy.Results
Synchronized cell cycle and cell division in segment addition zone
In the laboratory, Perinereis nuntia adds about 1 posterior
segment to the posterior end of segmented region, ﬂanked by the
terminal structure, the pygidium, in every 4 days (Fig. 1A, boxed
area; Fig. 1B, C, arrow). Close examination of tissues stained for the
DNA replication protein proliferating nuclear antigen (PCNA)
revealed occasional appearance of a single row of cells with high
PCNA expression at the border between the segmented region and
the pygidium (Fig. 1D, E, arrow). The nuclei of these cells were
large, and showed weaker nuclear staining with the DNA-binding
dye DAPI than the nuclei of the ﬂanking cells (Fig. 1, arrow). In the
pygidium, a zone of 3–4 cells wide with low PCNA level immedi-
ately abutted the row of high PCNA expression (Fig. 1E, bracket),
ﬂanked by the region with no PCNA expression. Cells anterior to
the row of high PCNA expression expressed lower but signiﬁcant
level of PCNA (Fig. 1D, D’, E, E’). It is known that PCNA expression is
absent in G0 phase, elevated in late G1-S phase, and reduced in
G2-M (Kurki et al., 1986). Therefore the pattern of PCNA expression
suggests that segmental cells are in active cell cycle and most of
pygidium cells are resting. Cells in the row of high PCNA expres-
sion are in synchronous G1-S phase, and those immediately
posterior to the row with low PCNA level are in a transitional
state from G0 to G1. Hereafter we will call the row of high PCNA
expression the “zone of cell-cycle synchronization” (ZCS).
In order to further study the cell recruitment process during
segment addition, high spatio-temporal information of cell prolifera-
tion and cell speciﬁcation was necessary. However, cell biological
study of normal segmentation process was limited due to relatively
slow progression of the process and the thick extracellular matrix
making cellular staining inefﬁcient. We therefore turned attention to
segment regeneration. When the posterior segments were ampu-
tated, the woundwas quickly sealed, and a new pygidiumwas formed
from the blastema, followed by regeneration of segment at an initial
rate of approximately one segment per day (Fig. 2, see below). The
appearance of regenerated segments and pygidium was identical to
that of normal animals, except for their compact size and higher cell
density in pygidium (Fig. 1F, G, Fig. 2F). ZCS was observed in most of
the animals. Subsequently regenerated segments grow larger,eventually to the size of non-amputated segment, and continued
segment addition in normal rate of 1 segment per 4 days. We
consider the regeneration process as an accelerated version of normal
segment addition process and used this to study details of
segmentation.
The pattern of mitosis was studied by phosphorylated histone
H3 staining. The analysis revealed high mitotic frequency in the
segmental cells, but low mitotic frequency in the pygidium
(Fig. 1F). Clusters of mitotic ﬁgures were sometimes observed in
the ZCS: the division axis of these cells was nearly perpendicular
to the segmental furrow, whereas cells in the anterior segmented
region divided in random orientations (Fig. 1G, H). This observa-
tion demonstrated that newly forming segmental cells abutting
the pygidium synchronously increase their PCNA expression, enter
the cell cycle, and divide along the AP axis. Once located in the
segmented region, these cells divide in random orientations.
To further characterize the property of ZCS, we cloned the cDNA
for the Perinereis homothorax (hth) (isoform missing the homeodo-
main (Noro et al., 2006), supplemental Fig. S1A). In Drosophila, hth is
expressed in the segmented trunk region, but not in the terminalia
(Kurant et al., 1998; Rieckhof et al., 1997). In Perinereis, we detected
hth in the segmented region, but its expression ended in the posterior
most segment, forming a sharp boundary near the position of the ZCS
(Fig. 1I, J, J’), suggesting that cell cycle synchronization takes place at
the trunk/terminalia boundary.
Coordinated changes in chromatin structure
We next asked if the observed change in proliferative activity
reﬂected a change in the chromatin state. Histone modiﬁcations
are hallmarks for chromatin states that reﬂect transcriptional
activity (Kharchenko et al., 2011; Kouzarides, 2007). After amputa-
tion, K9-dimethylated histone H3 (H3K9me2), a chromatin marker
associated with transcriptionally inactive, differentiated cells
(Rudolph et al., 2007; Wen et al., 2009), increased in the wounded
region (Fig. 2A’), and was further increased in the blastema and its
ﬂanking region (Fig. 2B, C). The expression pattern of H3K9me2
paralleled that of PCNA until the pygidium had reformed (Fig. 2E).
Once a new segment began to form, however, the patterns started
to differ (Fig. 2F, G, Fig. 3A, B), i.e., the H3K9me2 level remained
high in the pygidium but was down regulated in the region of new
segment formation, forming a sharp boundary at the ZCS.
To gain further insight into the relationship between chromatin
remodeling and segmentation, we examined the distribution of
histone modiﬁcations associated with active chromatin. Acetylated
histone H3 (H3K9, K14ac) is a hallmark of actively transcribed
chromatin (Efroni et al., 2008; Kharchenko et al., 2011; Meshorer
et al., 2006). We observed that the acetylated histones were
moderately expressed in most of pygidium cells, with sporadic
occurrence of high expression in a cell row immediately posterior
to ZCS. Acetylated histone H3 expression remained low in seg-
mental cells with PCNA expression, and become elevated when
cells down-regulated PCNA expression and exited from the cell
cycle (limb primordial cells and scattered cells, Fig. 3C, D).
These ﬁndings suggested that increased levels of H3K9me2 and
high proliferation characterize cells of blastema. Once bulk of cell
proliferation activity ceased in newly formed pygidium and
segmentation begins, a new mode of cell proliferation with low
level of H3K9me2 begins. Once those cells shut down PCNA
expression and exit from the cell cycle, they start to differentiate
with high level of acetylated histone H3.
Transmission electron microscopy of normal animals revealed
darkly stained heterochromatin associated with the nuclear
lamina in the pygidium cells (Fig. 3G). In the cells of the
segment/pygidium boundary and newly formed segment, dis-
persed euchromatin and nucleoli ﬁlled the nucleus (Fig. 3E, F).
Fig. 1. Cellular characteristics of the segment-forming zone in Perinereis nuntia. A. Sexually immature atokous worm. Terminal region is boxed. B. Scanning electron
microscopy (SEM) of terminal region (ventral view). Parapodia (pp), pygidium (py), anal cirrus (ac) and segment-pygidium boundary (arrow) are indicated. C. Lateral view.
D, E. Anti-PCNA antibody and DAPI staining of normal animal. D-D” Low magniﬁcation of ventral view. Arrow indicate stripe of high PCNA expression at the border of the
pygidium and segmented region. E. Enlarged view of the py/segment boundary. Arrow indicates the row of large nuclei with high PCNA expression (zone of cell-cycle
synchronization, ZCS). Bracket indicates a 3–4 cell wide zone of cells with low PCNA expression. E-E” high magniﬁcation view of D-D”. F. Mitosis marker phosphorylated
histone H3 (PH3, green) was frequently expressed in the segmented region, and rarely in the pygidium of regenerating animals. DAPI staining is shown in blue. Lateral view.
Arrow indicates the ZCS. G. Mitotic ﬁgures in regenerating segments (DAPI, gray; PCNA, magenta). Double-headed arrows show the cell-division axis. Arrowhead indicates
segmental boundary. Dotted line marks posterior border of ZCS. Anterior, left; dorsal, up. H. Orientation of cell division in ZCS and segment. The vertical value is the angle
between the division axis and segmental furrow. Horizontal bar: median. Division-axis distribution in the ZCS deviated from the random hypothesis (average 451, Po0.0001,
two-tailed t-test and Wilcoxon signed rank test), whereas that of the segmental cells appeared random. I. hth RNA expression in segmented trunk region of regenerating
animals. Arrow indicates segment-pygidium boundary. Ventral view. J, J’. DAPI (J) and hth RNA staining (J’) of segment-pygidium boundary of I. Segmented region in J appears
dark due to the RNA signal. Animals: normal condition (A–E), 10 days after amputation (F–J). Bar: 100 mm (B, C, D, F, I), 20 mm (E, G, J).
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Fig. 2. Wound repair and pygidium regeneration. The regeneration process after tail amputation was followed by SEM (A–G), and triple staining of DAPI, H3K9me2 and PCNA
(A’–G’). Days after the operation are indicated in the SEM images. Pictures in the left column (SEM images) and ﬂuorescence images in A’–D’ show animals viewed from
posterior end. Fluorescence images in E’–G’ show views from ventral side. Bar: 100 µm (A), 50 µm (A').
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Fig. 3. Histone modiﬁcation status in newly forming segments. A-A”. Inactive chromatin marker H3K9me2 was highly expressed in the pygidium nuclei, but its expression
was reduced in the PCNA-positive segmented region. Yellow arrows indicate ZCS. Anterior, left; ventral midline, down. B-B”. 2 magniﬁed view of the boxed region in A. C-
C”. Active chromatin marker H3K9, 14ac was expressed moderately in the pygidium and in most of segmented region, and is highly expressed in the limb primordia
(asterisk). D-D”. 2x magniﬁed view of the boxed region in C. E–G. TEM images of cells in the pygidium (G), ZCS (F), segment (E) in the same magniﬁcation. Arrow indicate
nuclei. Green asterisk indicates heterochromatin. Note nuclei in the pygidium are small and rich in heterochromatin. Animals: 10–14 days after amputation (A–D), normal
condition (E–G). Bar in A, 100 mm, in G, 10 mm.
N. Niwa et al. / Developmental Biology 381 (2013) 460–470 465These analyses demonstrated that new segment formation
involves the concerted remodeling of the chromatin state.
Sequential wg and hh activation
To study the temporal sequence of new segment formation,
we used the segmental markers wg and hh (Fig. S1B, C).
Regenerating Perinereis tissues were triple labeled with RNA
probes for wg and hh, and an anti-PCNA antibody. wg and hh
were expressed in rows of cells abutting the anterior and poster-
ior side of the segmental furrow, respectively (Fig. 4A, B).
Segments ﬂanked by the hh and wg stripes were numbered from
posterior to anterior direction, and the posterior most regions
franked by incomplete stripes near the ventral midline were
designated segment 0 (Fig. 4B). The row of PCNA expression (ZCS,
asterisk in Fig. 4 B-B”’) overlapped with the incomplete wg/hhstripe in segment 0 and extended into dorsal side (Fig. 4B). We
noted occasional asynchrony between the left and right half of
segment 0 (Fig. 4A, left half shows more advanced hh expression,
arrow). The expression patterns of wg and hh developed from
expression of a small patch of wg alone in the ventral epidermis,
followed by expression of hh in cells of immediately posterior to
the wg stripe, and dorsal expansion of the pair of stripes (Fig. S2).
In all case of segment 0, rows of PCNA were wider and robust
than wg and hh stripes.
In summary, the speciﬁcation of a new segment boundary
began with the posterior expansion of a PCNA-positive domain
and expression of wg in the ventro-lateral region of segment 0 (at
the site of future limb formation), followed by hh. The wg/hh pairs
expanded dorsally. The results suggest that expressions of wg, hh
and PCNA develop in anterior-posterior order in the ventral
segment addition zone, then expand dorsally.
Fig. 4. wg and hh expression in the newly forming segment. A, A’. Regenerating worm10 days after amputation labeled for wg, hh, and PCNA. Ventral view. Arrow indicates
the left side of a segment-forming region that initiated wg and hh expression, ahead of the other side. B-B”’. Enlarged view of A (left side). Segments are numbered from 0 to
4 anterior-ward B. Newly initiated wg and hh expressions are marked with upward arrows. The front of PCNA expression (ZCS) in the lateral region is marked with an
asterisk. Bar: 200µm (A). B is a 4-fold enlargement.
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The stripes of wg and hh expression in the dorsal and lateral
region formed a regularly spaced pattern of approximately 5-cell
wide in segments 1 and 2 (Fig. 5A, A’, J, J’). The Perinereis tcf
(ternary complex factor/lymphoid enhancer factor, Fig. S1D)
encoding a nuclear effector of Wg signaling was expressed in a
segmental pattern peaking at the hh stripe and steeply decreasing
posterior gradient (Fig. 5A’, I). tcf expression was also detected in
segment 0 and posterior (Fig. 5A’). Since tcf expression is often
associated with high Wg-signaling activity (Hobmayer et al.,
2000), the pattern of tcf expression may imply that the effect of
Wg signaling spreads in posteriorly directed gradient.
The 5-cell wide spacing of segment 1 in the dorsal-lateral
region starts from the row expressing hh and ending with wg
(Fig. 5K) (Prud’homme et al., 2003). The temporal sequence of cell-
cycle entry in the new segment was estimated by counting the
number of PCNA-expressing cells behind the last hh/wg pair in the
mid-lateral region of regenerating segments (Fig. 5C, G, Fig. S3).
We sorted 120 multiply labeled samples into the ﬁve classes. Since a
new segment formed approximately every 24 h, the time taken for
each row to enter the cell cycle, deﬁned by its expression of PCNA,
could be estimated. This analysis revealed the temporal program
of cell recruitment into the newly forming segment (Fig. 5H).
In addition, we noted in some cases wg/hh pairs are separated by
less than 5 cells (Fig. 5F). This appears to be a transient state of rapid
segmentation, because wg/hh stripes become more regularly spaced
in later stage (Fig. 5A, A’).
Alteration of segment width and pattern by LiCl
To address Wg's role in the cell-cycle synchronization and
stepwise recruitment of cell rows into the new segment, we elevated
its signal. The pharmacological inhibition of GSK3beta by LiCl
stabilizes beta-catenin and mimics elevated canonical Wg signaling
(Klein and Melton, 1996; Stambolic et al., 1996). Incubation with
20 mM or 50 mM LiCl permitted regeneration, but the animals
showed a variety of segmentation defects including decreased
segment number and widening of segment width (Fig. 6A–D, F, G).
The PCNA expression that normally marked the sharp posteriorboundary of newly forming segments was disorganized, and several
ectopic PCNA-expressing cells were observed in the pygidium region
(Fig. 6F’, G’). We also observed ectopic patches of high tcf expression
in the pygidium region (Fig. 6F’, G’).
In order to assess the apparent decrease in newly formed
segment in LiCl treated animals, the formation of a limb with
characteristic chaetae (“hairs”) was monitored. In the control,
chaetae formation was observed in the primordia of the parapodia
(limb, Fig. 6E), at an average of 4.1 segments anterior to segment 0,
while 20 mM LiCl treatment reduced the appearance of chaetae to
2.1 segments anterior to segment 0 (Fig. 6H). Chaetae formation
occurs in segments that are already committed to limb formation.
The failure of new segment formation led to a smaller number of
segment separating segment 0 and chaetae bearing one. The width
of segment 1, based on the hh stripes, was greater in animals
treated with LiCl (Fig. 6I). A similar trend was observed for
segments 2 and 3. In control animals, the distance from segment
0 to the chaetae and the width of segment 1 showed an inverse
relationship, and LiCl treatment shifted the proportions, trending
to a shorter distance from segment 0 to the chaetae and wider
segments (Fig. 6J).
These results imply that LiCl caused increased activation of Wg
signaling, which led to increased PCNA expression. This caused a
delay/failure in the formation of the posterior segment boundary,
leading to a widening of the segments and the eventual arrest of
segmentation. Taken together, the high and sustained activation of
Wg signaling inhibited segmentation by disrupting the sharp
posterior boundary of Wg signaling activity and cell-cycle entry.Discussion
How the robust patterning of segment formation is achieved is
a fundamental question in development. The emergence of a new
segment pattern by the autonomous activation of a segmentation
program in an undifferentiated group of cells in a segment
addition zone seems to be the major strategy used in vertebrate
somitogenesis and insect segmentation. The stereotyped asym-
metric cell division of identiﬁed segmental precursor cells (telo-
blasts) has been described for a leech, Helobdella robusta (Lans
Fig. 5. Stepwise cell recruitment into the new segment during regeneration. A. Dorsal view of regenerating tail region stained for tcf, PCNA and DAPI. A’. Bright ﬁeld view
shows hh expression overlapping with tcf. Views of x–z section of dorsal midline (arrow in A’) are shown at the bottom. Segment position and the location of ZCS (arrow) are
indicated. B. Low magniﬁcation view. C–G. Staining of wg, hh, and PCNA of lateral region of segment 0–1, classiﬁed according to the number of PCNA-expressing cells
posterior to the wg stripe (asterisk). Number of cases observed among total of 120 samples was indicated in parenthesis of each panel. Arrow indicates the position of hh.
H. Time taken by each step (assuming a 24-h segment-addition time). I. Quantiﬁcation of tcf expression level at dorsal midline. Scale of horizontal axis matches A’, so that
peak locations and stripes can be directly compared. J, J’. Two-fold enlarged views of segment 0–2 (x–z section) showing location of nuclei. K. Diagram of segment
composition. Green indicates PCNA expression, Pink and blue lines indicate wg and hh expression, respectively. Bar. 200 mm (A).
N. Niwa et al. / Developmental Biology 381 (2013) 460–470 467et al., 1993), and for crustaceans, i.e., the crayﬁsh Cherax destructor
and the isopod Porcellio scaber (Hejnol et al., 2006; Scholtz,
1992). In each case, the segmentation mechanism appears to
reside primarily in precursor cell division and differentiation.In Platynereis; however, no teloblast-like precursor cells have been
identiﬁed (Rosa et al., 2005).
We showed here that the cell-cycle entry and chromatin state
changed synchronously in a row of cells at the segment/pygidium
Fig. 6. Miscoordination of segmentation by LiCl treatment. A. Protocol of LiCl treatment. Three days after segment removal, animals were cultured with or without 20 mM
LiCl. B–D, B’-D’. hh staining of animals treated with 0, 20 or 50 mM of LiCl. Arrow: chaetae of newly forming limb primordia. Double headed arrow: width of segment. E. SEM
of lateral body wall showing chaetae of parapodia. F-G. PCNA/hh/tcf staining of control (F) and 20 mM LiCl-treated (G) animals. F’-G’ shows enlargement of segment-
pygidium boundary. H. Number of segments separating the newly forming segment 0 and mature cells with chaetae (distance). LiCl treatment reduced the number.
***Po0.001. I. Width (mm) of segment 1. *Po0.05. J. Inverse relationship between the distance (seg 0 – chaetae) and segment 1 width in each animal. LiCl treatment shifted
the trend toward a shorter distance and wider segment 1. Bar. 200 mm (A, B), 50µm (B').
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possible that the ZCS is a nest of stem cells that supplies daughter
cells for differentiation, as observed in Helobdella, some crusta-
ceans, and germline stem cell niches in Drosophila (Losick et al.,
2011). However, we did not observe cell-size asymmetry in the
dividing ZCS cells, and evidence of asymmetric stem cell division is
lacking. Alternative possibility, which we prefer, is that the ZCS is
the site of cell-cycle synchronization and cell-fate determination
of the pool of cells with low PCNA expression present anterior of
the pygidium (Fig. 1E, bracket). Synchronization of the cell cycle
and cell differentiation are well described for compound eye
development in Drosophila (Tomlinson and Ready, 1987), in which
the inductive signal Hedgehog, supplied from differentiating
neurons, orchestrates the progression of photoreceptor differen-
tiation in the morphogenetic furrow (Ma et al., 1993). We suggest
that the role of the ZCS is equivalent to that of the morphogenetic
furrow, in its response to differentiation signals produced by the
mature segment.
Wg is expressed in stripes at the posterior-most border of each
segment, but it was not detected in the pygidium, except at the
base of the anal cirrus (Fig. 4A). Extensive search for wnt gene
transcripts in Platynereis dumerilii failed to identify a distinct
source of any Wnt ligand posterior to the SAZ (Janssen et al.,
2010). The over activation of Wg signaling by LiCl caused excesscells to enter the cell cycle and resulted in expansion of the
segmental width. LiCl treatment did not cause a uniform response
in the pygidium. Instead, it caused the expansion of PCNA and tcf
immediately posterior to segment 1. This can be explained by the
idea that the pygidium cells abutting segment 1 were exposed to a
certain dose of the Wg signal and were sensitized to further
activation by LiCl. It also implies that the pygidium cells posterior
to the ZCS can adopt the segment-forming fate if Wg signal is pro-
vided. Therefore, we suggest that the last row of segment 1
serves as the source of Wg ligand that coordinates cell-cycle entry
and cell recruitment of anterior pygidium cells to initiate a new
round of segment formation in the ZCS. In addition, we noted that
PCNA and tcf expression was disorganized in the segmented
region, suggesting that segmented cells respond in a complex
manner.
The known pattern of segmentation involves separation of cells
from SAZ and subsequent separation into anterior and poster
compartment in vertebrate (reviewed in Saga and Takeda, 2001),
and initial speciﬁcation of two-segment units and subsequent
splitting in some insects (Mito et al., 2007; Patel et al., 1994). In
contrast Perinereis segmentation proceeds in principle by cell cycle
synchronization and row by row addition of cells to the posterior
end of newly forming segments. We noted in some cases spacing
of wg/hh pairs shorter than 5-cell wide (Fig. 5F). We consider this
Fig. 7. Model of segmentation in Perinereis nuntia. Left. Five steps of cell recruitment byWg. Location of cells with PCNA, wg and/or hh expression, and estimated time taken
for the activation of PCNA, are indicated. Bottom row is the LiCl treated condition. Red curving arrows indicate the extent of Wg signaling. Right. Estimated relative strength
of the PCNA-inducing activity in each row based on the time table of cell row speciﬁcation (Fig. 5H, see Discussion).
N. Niwa et al. / Developmental Biology 381 (2013) 460–470 469to be an additional mode of segmentation in regenerating condi-
tion: reactivation of wg/hh occurred before the 5th row of PCNA
expression appeared, and the segment spacing become adjusted
by the time segment formation completed.
Based on the relative frequency of the number of PCNA+ cells
behind the last wg/hh stripes (based on Fig. 5H), we estimated the
time taken for PCNA elevation in each row after the activation of
wg expression in row 5 of segment 1 (Fig. 7 left). The row next to
the source of Wg activated PCNA expression early (by 3.2 h), while
cells further away took longer (up to 24 h for row 5) in segment 0.
Assuming that PCNA activation requires a certain threshold level of
cumulative Wg signaling, and this unique time requirement for
each row reﬂects the concentration of Wg, then the relative level
of Wg activity at each row may be proportional to the inverse of
the time elapsed before PCNA activation. This estimate of the Wg
activity landscape can be ﬁtted to a negative exponential curve
(Fig. 7, right). Based on this estimate, the Wg level at row 5 is only
7.2% of that of row 1. This steep grading of the Wg activity
corresponds well to the level of tcf expression (Fig. 5I) and may
control the row-by-row activation of PCNA in segment 0. A lowWg
level may prompt the activation of wg in row 5, so that segment
formation is completed; the Wg may then activate hh in adjacent
row to initiate a new round of segmentation (Dray et al., 2010).
Dray et al. (2010) showed that segmental wg (wnt1) expression is
lost in trochophore treated with inhibitors of hh signaling.
It would be interesting to test if mutual activation of wg and hh
contribute to segment formation in regenerating Perinereis.
According to this model, elevated Wg signaling would delay the
reactivation of wg and hh, extending the segmentation cycle, as
observed in the LiCl-treated animals. This model provides a
framework to support unlimited repetition of the segmentation
cycle. Cell-lineage tracing and loss-of-function analysis will further
test this idea.
Differentiated cells serving as the source of an inductive signal
to neighboring uncommitted cells to specify an identical cell fateconstitutes a self-reproducing mechanism (Hatta et al., 1991;
Yamada et al., 2003). A self-propagating mechanism for tissue
differentiation was ﬁrst described for the inductive activity in
neural tissue uncovered by the classic transplantation experiments
on amphibian embryos, and was called homeogenetic induction
(Mangold and Spemann, 1927). The data presented here imply that
a homeogenetic Wg-mediated inductive mechanism is involved in
the continual segment addition that occurs throughout the life
cycle of Perinereis. This study reveals a novel mechanism for
segmentation that is distinct from the previously described
autonomous pattern formation by signal oscillation in a growth
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